Several influential reports have suggested that one of the most appropriate responses to expected food shortages and ongoing environmental degradation is sustainable intensification, i.e. the increase of food production with at worst no increase in environmental harm, and ideally environmental benefit. Here we sought evidence of sustainable intensification among British farmers by selecting innovative arable, dairy, mixed and upland farms and analysing their own data on yields, inputs and land use and , where area took into account estimated area to grow any imported animal feeds), regulation of climate, air and water quality (modelled -1-1-1 emissions of GHGs (CO2e ha), ammonia (kg ha) and nitrate loss (kg ha)) and biodiversity (using an index based on the presence of habitats and management).
Introduction
During the second half of the 20 th century, global agricultural production increased at rates that were sufficient to keep pace with demands. Concerns about global food security focused on issues of equity and distribution, rather than worries about the total amount of food available around the world (McIntyre et al., 2009) . The global spike in food prices in 2007-08 changed perceptions markedly, and brought attention to the fact that global demand for food was starting to rise faster than supply. The concept of "sustainable intensification", in which "yields are increased without adverse environmental impact and without the cultivation of more land", was developed to highlight the need to improve agricultural productivity without incurring the kind of environmental costs associated with intensive agriculture in the past (Royal Society, 2009; see also Foresight, 2011) . Some authors consider that sustainable intensification should go further than requiring no additional environmental harm, but should involve increases in both food production and the flow of ecosystem services (e.g. Firbank, 2009; Pretty et al., 2011) .
While there are many cases in Africa where increases in yield have been associated with improved environmental outcomes, such as by improved management of highly degraded soils (Pretty et al., 2011), there is very little evidence of sustainable intensification among commercial farms of temperate regions. This is partly because most published studies of changing levels of production and environmental impacts have looked at interactions between two variables at the national level, rather than at the individual farm (Firbank et al., 2011) , and partly because sustainable intensification is easier to observe from low baseline yields and environmental performance. Also, in temperate regions, sustainable intensification is widely perceived more as a strategy for the future than a desirable change in the present (Foresight, 2011 ). Yet the pressures on agricultural production in temperate regions are already increasing; at the time of writing, there is likely to be a drawdown of global cereal stocks because of the poor weather, including the prolonged and severe drought in the US (FAO, 2012) , which itself is consistent with a shift towards less favourable weather conditions for temperate agriculture (Francis and Vavrus, 2012) . It is therefore important to ask whether sustainable intensification is already being delivered by some farmers, what strategies they are adopting and why, what barriers they are facing and what are the inherent risks.
Only once these questions are answered will it be possible to design interventions that will encourage sustainable intensification in appropriate situations.
Innovation in sustainable intensification is most likely to be found among the more progressive farms. Therefore, our approach was to identify a group of such farms, to test whether sustainable intensification has been achieved. We collected data on agricultural production and measures of environmental impact, and discussed with farmers their drivers, motives and perceived barriers to implementation of sustainable intensification. We relied entirely upon data already available to the farmer, so that the methodology can readily be applied to much larger samples of farms at low cost in due course, for example to support certification of environmental standards at the farm scale.
Methods

Quantifying sustainable intensification
Sustainable intensification is a process, rather than a condition at any time. In the absence of an agreed set of metrics of sustainable intensification, we adopted a very pragmatic approach. A farm was considered to be practicing sustainable intensification if food production per unit area had increased during the study period, and that none of the environmental variables had deteriorated.
Changes were analysed in both agricultural production and a representative set of environmental variables from a baseline of 2005-6, i.e. before the global increases in food prices, to 2010-11, the most recent data for which most farms have data (in some cases, we had to use data from different years). We adopted a small number of variables, to allow a qualitative assessment of sustainable intensification (following Pretty (2008a,b) ), which we regarded as being more transparent than interpreting sustainability by integrating a larger number of variables into a common unit, for example money (Bateman et al., 2011) . The system boundary was the farm gate.
The measurables were taken from five major categories of ecosystem services that are known to have changed significantly across the UK on farmland (UKNEA, 2011), namely agricultural production, biodiversity, climate regulation, regulation of air quality and regulation of water quality. For ease of interpretation, we used a single variable to represent each of these categories for each individual farms, measured on the basis of land area, and per unit food production. We used only data already held by the farmers, interpreted using commentaries obtained during farm visits and interviews; this restriction excluded some ecosystem services and processes that could not therefore be reported with acceptable precision, notably landscape quality and levels of soil erosion from the farm.
Data were collected on food production by the whole farm area. This comprised the total land area of the farm (including non-productive areas), supplemented with estimates of the area of land required to produce feeds brought onto the farm. These estimates were obtained using data on generic compound formulation (Table 1) to break down compound feeds into estimated amounts of constituent crops (wheat, barley, oilseed rape), and then UK average yields of these crops were used to estimate areas of land used to grow them. We did not attempt to distinguish between different sources of such imports.
In order to generate a single measure of food production, we condensed the available data into gross energy per unit area, i.e. GJ ha -1 , where energy content of foodstuff were taken from multiple sources (Table 2 ) and the area was for the whole farm as calculated above. This metric allows changes to be tracked for an individual farm, but is not suitable for comparison across farms as it ignores variation in the financial and nutritional value of different foodstuffs and is closely related to the potential of the farmland for food production in terms of soil and climate. In order to avoid double counting, the energy content of cereals and fodder crops used for the farmers" own livestock were not included in the analyses.
Carbon footprints were estimated for the farms by combining two approaches. Carbon dioxide emissions (CO2) were calculated using the CALM tool (CLA, 2012) , that allows for energy use and land use change using values taken from UK Greenhouse Gas Emissions Inventory (DECC, 2012) . Potential emissions of methane and nitrous oxide were calculated using the Farmscoper tool (Gooday and Anthony, 2010) , that uses data on cropping, soil type and rainfall, livestock numbers, fertiliser use and housing to estimate gross emissions for each gas in kg ha -1 . Methane and nitrous oxide emissions were then converted into Global Warming Potential (in CO2e) and combined with the CO2 emissions to give a total carbon footprint. These estimates do not allow for variation in farm practices, for example how or when fertilizers are applied, and do not address carbon sequestration into the vegetation or soils.
Potential losses of ammonia to the atmosphere and nitrates to running waters were used as high level indicators of regulation of air and water quality. The Farmscoper tool (Gooday and Anthony, 2010) was used to calculate these losses taking into account soil, rainfall, the cropping and stocking and level of inputs. These values represent potential rather than actual losses, as the Farmscoper tool was not used to account for the use of technologies or farm practices used to mitigate against pollutant loss and does not cover some technologies such as precision farming.
Few of the farmers had their own biodiversity data. We therefore sought data on the protection goals supported by UK policy and enshrined in the UK Biodiversity Indicators, in terms of the habitats and resources available to wildlife, and the extent to which they were supported through agri-environment schemes or legal protection (Defra, 2011) . Therefore we compiled scores for biodiversity "stock" and "change" from farmer responses to indicate the diversity and protection of habitats at the baseline, and the efforts being made to improve the farm for biodiversity since. The scoring also considered broader aspects of farm management known to have major impacts on farmland birds (Butler et al., 2007; Butler et al., 2009 ) and whether any set-aside arable land has been lost, which was an important habitat for birds and invertebrates (Firbank et al., 2003) . While such scores are helpful when considering the potential impacts on biodiversity of changes on a farm or group of farms, they are not well related to actual numbers, diversity or conservation value of different taxa. In particular, a farm with a wide range of features would score more highly than a farm with a large area of a single, well managed, species-rich habitat. Therefore, to prevent over-interpretation of the data, the scores were simplified into 5 point scores for "biodiversity" stock (ranging from 1 to 5) and change (ranging from -2 to +2) ( Table 3 ).
The comparisons between baselines and current indicator values for individual farms are subject to various levels of uncertainty, partly from the values given by farmers and models used to analyse them, and partly because of year-on-year variation in weather and market conditions. Therefore we are not able to ascribe formal levels of statistical significance to these data; instead, we have interpreted differences of +/-10% as not indicating change.
Selection of farmers
The 20 case study farmers were selected not at random, but according to whether they were considered to be innovative by their peers. Each farm had to be a mainstream, commercial operation in a single unit, not supported primarily from other sources of income, and not owned by a charity or research organisation. They were selected to represent the major farm types across Britain; 7 arable farms (A), 4 mixed (M), 4 dairy (D) and 5 upland livestock farms located in less favoured areas (LFA) (L) were chosen. Of these 20 farms, two were organic, 17 were in agri-environment schemes and 14 had installed, or plan to install, solar or wind power. One of the farms (A5) could not provide the required data for the analysis of carbon balance, and so is excluded from the GHG analyses.
Focus groups were also conducted to consider more broadly the practicalities of sustainable intensification, using the case study farms to stimulate discussion. Each focus group comprised eight or more farmers from a single sector, namely arable, dairy and LFA livestock, drawing on existing sector-based farmer discussion groups. The agenda of each group included capturing awareness and knowledge of the sustainable intensification concept, presentation of project aims and introduction of SI concept, strategies for achieving SI and discussion of strategies, indicators and challenges.
Results
Relationship between food production and environmental variables at baseline
There was no clear overall relationship between individual environmental variables and levels of food production across farm types at baseline (Fig 1) , though the data hint at negative relationships between food production and emissions of nitrate and GHGs per unit area among dairy farms.
Emissions of ammonia and GHGs were highest among dairy farms, and were similar among the other farm types. Nitrate losses per unit area were lowest among the upland livestock farms, and highest among two of the dairy farms, with much variation (Fig 1, Table 4 ). Baseline biodiversity scores varied within all farm sectors, with no obvious relationships with food production (Fig 1) .
Food production per unit area varied greatly between farm types, ranging from a mean -1 -1 -1 of 1.5 GJ hafor the upland farms, 40 GJ hafor dairy, 42 GJ hafor mixed farming, and 101 GJ ha -1 for arable farms. These differences mean that the different farm types tend to be clustered in all graphs, with arable farms showing high levels of food production, LFA low levels and mixed and dairy farms intermediate levels.
Changes in food production
Of the 20 farms, 10 showed increased food production of over 10 % (Fig 2, Table 4 ). Some farmers increased levels of food production by increasing the productivity of the existing farming system.
Thus farm A2 obtained a large increase in potato yield, attributed by the farmer to variety change; D2 increased yields of both milk and arable crops, and increased cattle numbers, while L3 increased numbers of cattle and sheep. Three of the four dairy farms increased milk production per unit area, with the greatest increase achieved by farm D2, which had been the most productive at baseline, while farm M3 achieved increases in the energy content of the food that was produced by reducing livestock numbers and increasing the area and yields of arable crops.
Two of the five farms that showed decreases in food production of over 10% (Fig 2, Table 4) were undergoing changes in farming system that reduced food output; farm L5 was in a period of transition to organic status, and had increased farm area but not livestock numbers, while A7 switched land away from cereals to fruit and vegetables, with lower energy contents and higher energy requirements. In all other cases, yield reductions were explained by the farmers in terms of annual variation of weather and cropping patterns.
Changes in other ecosystem services
The case study farms showed both improvement and deterioration of the non-food ecosystem services. The improvements in yields seen on the dairy farms were accompanied by worsening carbon footprint and nitrate and ammonia losses, with little change to biodiversity scores (Fig 3) . These increased levels of pollution pressure per unit of land were not evident when indicators were calculated per unit of food production (Fig 4) . Much greater variation was seen within the other farm types (Fig 3) .
Only farms A2, M3 and L1 showed substantial reductions in losses of all pollutants per unit food (Fig 4) .
The enhancement of biodiversity was not related to farm type or changes in food production (Fig 3) .
Evidence of sustainable intensification
Three farms achieved sustainable intensification as defined within this study; two of the arable farms (A2 and A4) and one mixed farm, M3. The upland farm was very close to achieving sustainable intensification according to the definition used here, showing enhancements to all environmental variables and an increase in food production of 10% and (Table 3 ).
The interviews with the farmers revealed that Farm A2 deliberately sought to establish a sustainable business model, based around supply chain requirements and with the engagement of farm staff, through a combination of technology to improve resource efficiency, monitoring of performance and putting less productive land into grassland, buffers, hedgerows and woodland. The farmer has introduced technologies such as more fuel-efficient machinery, better insulation, and more efficient use of fertilisers. Farm A4 has used agri-environment funding to take poorer land out of production and enable easier and more cost-effective farming without impacting income. The farm has also benefitted from a 50 % reduction in fertiliser usage from variable rate applications, and from the installation of solar panels and reduced fuel use through minimum tillage. Farm M3 has changed a great deal since the baseline of 2006, with economic output doubled and investment in precision farming techniques, again using agri-environment schemes on the poorer land. The baseline figures for farm M3 were high for the sector, and the reductions in pollutants were driven partly by reductions in the livestock enterprise and partly by resource efficiencies such as the installation of two wind turbines and greater use of precision techniques. Farm L1 scored highly for food production and environmental quality by having reduced numbers of hill sheep in favour of a more prolific cross-bred ewe, improving grassland management to reduce inputs of both fertilisers and concentrates, and using agri-environment schemes to enhance the already diverse set of habitats.
Several farms increased food production at the expense of environmental quality per unit land. This was particularly noticeable among the dairy farms D1, D2 and D4, and the LFA farms L2 and L3, even though all of these farms have made investments to increase the efficiency of resource use. Levels of pollution per unit of food production were much more stable (Fig. 4) . The arable farm A1 showed large increases in GHG emissions (Fig. 3) , due to investments in new potato and vegetable stores and the running of new haulage lorries. The scores for this farm therefore included operations that were previously external to the farm, and may not represent an increase in GHG emissions across the whole food chain. Farm A3 showed increases in all pollutants per unit food (Fig. 4) , largely due to the introduction of a chicken enterprise.
Only one farm (L5) increased environmental enhancement alongside a decline in food production (Table 3) ; this result was associated with conversion to organic status.
Results from the focus groups
Approximately half of all farmers in the focus groups were aware of the concept of SI; knowledge was highest in the arable sector and lowest in the dairy sector. In common with the case study farms, the primary underlying driver for farm business decisions was seen as financial sustainability. Farmers in all three focus groups favoured reducing inputs without affecting outputs, but there were some differences between sectors, for example the dairy group did not favour using poorer quality land for biodiversity as much as the others. The dairy focus group concluded that it may be harder to achieve sustainable intensification in this sector, not least because of the currently difficult market conditions. All focus groups considered that Single Farm Payments deflect from the drive for efficiency and adds to costs.
There was also consensus on the need for access to R&D and help with investment in new technologies.
Discussion
This study shows that some British farm have been practising sustainable intensification, as defined within this study. At least three of the farms have increased food production whilst reducing pollution and enhancing biodiversity. They did so, not in response to calls for the sustainable intensification of global agriculture, but in response to the particular drivers and opportunities facing their businesses.
In general, farmers seek to determine their land use and land management to maximise their profits, subject to resource constraints and subject to factors beyond their control, including input costs (e.g. Rounsevell et al., (2003) ; Hanley et al., (2012) ). Interviews with the farmers did not indicate that their business strategy had been strongly influenced by rising farm gate prices for many products. A greater concern was the desire to control the rising costs of inputs, which have risen sharply since 2006 (the financial value of fertiliser consumed in the UK has doubled, animal feed increased by 72 per cent and energy by 66 per cent (Defra et al., 2012) ). Case study farmers have introduced technologies and strategies to reduce wastage of energy and nutrients and to manage risk though increasing the on-farm capacity to grow animal feed, store water, or to install renewable energy supplies. While such actions reduced the levels of pollution per unit area of several arable farms, no farm which increased animal production simultaneously reduced levels of potential pollution per unit area. This result is not surprising, as pollution levels from cattle and sheep are currently correlated with stocking densities (Cardenas et al., 2011) because they are closely related to enteric fermentation and manure management . Nevertheless, the models estimate potential pollution rather than actual pollution, because the models used do not account for mitigation options such as precision farming, nor the details of hydrology that influence how much potential pollution enters watercourses (see e.g. Hutchins et al. (2009) ).
The quest to maximise profits also accounted for uptake of renewable energy generation and agri-environment schemes, even among farmers who expressed their commitment to sustainability.
Fourteen of the twenty case studies used, or plan to use, renewable energy. Such investments provide an additional income stream through the UK Government"s feed-in tariffs and reduce exposure to rising electricity prices; the reduction in carbon footprint was seen as a welcome additional benefit.
The case study farmers regarded the active management of land for biodiversity as a good thing to do, but also as a cost to be borne by external financial support. Seventeen of the farmers were in agri-environment schemes, seeking payments to enhance biodiversity on the less productive land. Such profit maximisation is a good predictor of the take up of agrienvironment schemes (e.g. Cary and Wilkinson (1997)), and confirms that some form of financial support and / or strong regulation is required to maintain population levels of many farmland taxa (e.g. Krebs et al. (1999) ; Baker et al. (2012); Doxa et al. (2012) ; Mouysset et al. (2012) ), at least for the more innovative farmers. Several farmers mentioned they were adopting a land-sparing approach: this is an interesting example of how terminology can evolve, given that the phrase "land sparing" originally only applied to changes in land use between farmed and intact, wild habitats, and not within different areas of farms (Green et al., 2005) .
Of course, the findings of this study are sensitive to how sustainable intensification has been defined and characterised. Our approach has focused on trends, rather than on whether or not the farms are, or have been, managed in a way that is sustainable in some objectively-defined manner (e.g. Sanchez-Fernandez (2010) ). This approach is consistent with the definition of sustainable intensification which focuses on increasing the supply of food and other ecosystem services whilst addressing neither capacity nor demand. The timescale was selected to detect changes in ecosystem services due to changes in farm systems and management, as opposed to annual variation. Such detection would be improved by using time-series of annual data from farms; a longer time series would also allow the detection of slower processes, such as changes to soils and levels of energy use following the introduction of zero tillage, and also changes in the resilience of ecosystem service provision.
Gomez-Limon and
The indicators used in this study relate to ecosystem services characterised as flows per unit area, using only data readily available to the farmer. Environmental stocks (natural capital) are not included; for example, the estimates of GHG emissions are not related to the potential value of the soil carbon stocks already present on the farm, while other indicators, such as soil erosion and landscape quality, were not considered to be measurable with adequate precision without additional field data. This analysis is sensitive to the choice and weighting of indicators (Bockstaller et al., 2009) . This study has relied on models based on national data to estimate levels of pollution; such models require farm-scale validation in order to address farm-to-farm variation more precisely, and to take into account local innovations, such as the adoption of zero tillage. A time series of data is also necessary to be able to detect statistically significant change over and above the usual annual variation in food production and other ecosystem services.
Conclusions
This study demonstrates that some British farms have increased levels of food production and enhanced the quality of their environment over recent years; they have achieved sustainable intensification, as defined by this project. The drivers have been largely financial; farmers have sought to reduce input costs, thereby reducing wastes and pollution, while income streams from agri-environment schemes provided the incentive to enhance the farm for biodiversity. These drivers have played out differently between farm types. Such results are helpful when considering how policies can evolve to support sustainable intensification in appropriate situations.
This study also demonstrates that a simple approach to assessing sustainable intensification, using a small number of variables derived from data that farms already hold, is capable of distinguishing between different farming strategies, and so could form the basis of a much broader monitoring programme of agricultural sustainability. However, this approach is at the expense of excluding some possible indicators (e.g. landscape quality, species richness), and lack of sensitivity to farmer innovation.
There are many possible approaches to indicating sustainable agriculture (e.g. Rodrigues et al. (2010) ; Fumagalli et al. (2012); van Oudenhoven et al. (2012) ); ultimately we need indicator suites that are validated using field data, transparent, inter-operable, capable of development, and that give accurate feedback to farmers, the food chain, policy makers and consumers that the food is being produced efficiently and sustainably.
Table 1
Percentage composition of generic compound formulations for animal feeds. These values were used to estimate the amount of crops required to make up the diets of animal feeds imported to the farm, which were then used to estimate the land required to grow the animal feeds, using average UK yield data.
Minor feed constituents are not included. Table 2 Energy content of agricultural produce, used to estimate energy content of food produced from the farms. Table 3 The scoring system for biodiversity. Few farmers have direct information on biodiversity stock and change, so the assessment used here follows the UK Biodiversity Indicators by giving points for habitats, features, management practices and overall farm management. Scores are generated for stock at baseline, and change between baseline and latest data. For biodiversity stock, the points were summed, and then set to a five point scale as follows: 0 points was set to 1 (every farm has at least some biodiversity); 1-5 was scaled as 2; 6-10 was scaled as 3: 11-15 was scaled as 4; 16-20 was scaled as 5. Change can be positive or negative, and so was rescaled as follows: -20 to -11 was scaled as -2: -10 to -3 was scaled as -1: -2 to +2 was scaled as 0: 3-10 was scaled as +1; 11-20 was scaled as +2. See text for details. More hay / no change / more silage for animal feed +3 / 0 / -3 Area of non-cropped habitats increased / no change / +3 / 0 / -3 reduced Area of drained land reduced / no change / increased +3 / 0 / -3
Sites of Special Scientific
Livestock density reduced / no change / increased +3 / 0 / -3 Crop diversity increased / no change / reduced +3 / 0 / -3 Increased / no change / reduced diversity of non-cropped +3 / 0 / -3 habitats Set-aside arable land created / no change / reverted to +3 / 0 / -3 crops . GHG emissions data are missing for farm A5. 
